Abstract: Primary progressive aphasia (PPA) is a clinical syndrome of language decline caused by neurodegenerative pathology. Although language impairments in PPA are typically localized via the morphometric assessment of atrophy, functional changes may accompany or even precede detectable structural alterations, in which case resting state functional connectivity (RSFC) could provide an alternative approach. The goal of this study was to determine whether language network RSFC is reduced in earlystage PPA when atrophy is not prominent. We identified 10 individuals with early-stage agrammatic variant of PPA with no prominent cortical thinning compared with nonaphasic controls. RSFC between 2 nodes of the language network and 2 nodes of the default mode network were compared between agrammatic variant of PPA and healthy control participants. Language network connectivity was comparable with controls among patients with milder agrammatism, but was significantly reduced in patients with more pronounced agrammatism. No group differences were observed in default mode network connectivity, demonstrating specificity of findings. In early stages of PPA when cortical atrophy is not prominent, RSFC provides an alternative method for probing the neuroanatomic substrates of language impairment. RSFC may be of particular utility in studies on early interventions for neurodegenerative disease, either to identify anatomic targets for intervention or as an outcome measure of therapeutic efficacy.
P
rimary progressive aphasia (PPA) is a syndrome of language decline caused by neurodegenerative disease. Morphometric assessment of cortical atrophy with structural imaging is currently the gold standard for in vivo localization of neurodegeneration in PPA, and the most commonly used method to establish clinicoanatomic correlations. [1] [2] [3] However, in the early stages of PPA, cortical atrophy may be less prominent and morphometric assessment may therefore be less sensitive at the individual level. [3] [4] [5] [6] Functional imaging may provide an alternative method for localizing dysfunction in such cases. By correlating spontaneous hemodynamic fluctuations across functional magnetic resonance images (MRI) voxels, resting state functional connectivity (RSFC) analysis can be used to probe the functional integrity of the language network. 7, 8 There are several reports of altered RSFC in PPA. However, those studies did not specifically focus on the early stage of PPA. In addition, either patients already showed significant levels of cortical atrophy, 9, 10 or structural morphometry was not specifically reported. 11 The current study aimed to determine whether RSFC patterns are abnormal in an early stage of PPA when cortical atrophy is not prominent. To address this possibility, we set out to first identify a sample of PPA patients without detectable atrophy at a false discovery rate (FDR) of P < 0.05 on a whole-brain vertex-based cortical thickness analysis. Our goal was to then measure and compare the amplitude of structural (via cortical thickness) and functional (via RSFC) changes in a priori selected epicenters of the language and default mode networks in this early-stage sample. We hypothesized that even patients failing to show significant atrophy on a whole-brain vertexbased cortical thickness analysis would nonetheless show reduced functional connectivity between key nodes of the left perisylvian language network because functional perturbations may be detectable before structural deficits. 12 In keeping with the selectivity of language deficits in early PPA 13, 14 and findings from previous RSFC investigations, 7, 11 neither structural nor functional alterations were expected in other neurocognitive networks such as the default mode network. This pattern of results would demonstrate that RSFC can be used to locate functionally disconnected regions before they display obvious 
METHODS

Participants
Participants with PPA were ascertained via their enrollment in a longitudinal investigation at the Northwestern University Cognitive Neurology and Alzheimer's Disease Center. Root diagnosis of PPA was made during a clinical neurological evaluation (conducted by author M.M.M.), according to the established criteria of a relatively selective deterioration of language, initially unaccompanied by impairments in other cognitive domains such as episodic memory or visuospatial processing, in the absence of substantial behavioral or psychiatric disturbances, with an underlying neurodegenerative origin. [13] [14] [15] Western Aphasia Battery (WAB) 16 was used as a global measure of language function. Patients were classified into agrammatic (PPA-G), logopenic (PPA-L), and semantic (PPA-S) subtypes according to a well-established quantitative template approach, based on the relative salience of grammatical, word-finding/repetition, and singleword comprehension impairments, respectively. 3, 15, 17 In total, 56 consecutive cases met root diagnostic criteria for PPA and had both structural and resting state functional MRI (fMRI) scans available. All patients were right-handed, consistent with left-hemispheric dominance for language. A more restricted sample of PPA patients was selected from this pool for inclusion in the current study based on the criteria of (1) having no prominent (ie, statistically significant according to an FDR threshold of P < 0.05) cortical atrophy at the individual subject level as measured by whole-brain vertex-based analysis, and (2) all displaying the same phenotypic subtype of PPA. The former allowed us to examine RSFC in early stages of PPA when cortical atrophy is not yet prominent, and the latter to correlate RSFC changes with discrete domains of language impairment. The result of the above selection process and characteristics of the final sample of patients enrolled in the study are described under the "Results" section.
Reference values for neuroimaging analyses were provided by 2 groups of right-handed nonaphasic control participants of similar demographic properties to the PPA patients. Each control group was recruited as part of the same longitudinal investigation of PPA, and have been thoroughly characterized in previous publications. RSFC reference values were provided by a group of n = 33 controls 18 (Table 1) , and cortical thickness values were provided by a group of n = 35 controls. 19 
MRI Acquisition
Structural and functional MRI was acquired using a Siemens Trio 3 tesla scanner. Structural MR images were acquired via a T1-weighted 3D MPRAGE sequence (repetition time, 2300 ms; echo time, 2.91 ms; flip angle, 9 degrees; field of view, 256 mm, 1Â 1 Â1 mm voxel size) at a thickness of 1.0 mm. Resting state fMRI scans were acquired using a T2 weighted echoplanar sequence (repetition time, 2500 ms; echo time, 20 ms; flip angle, 80 degrees; field of view, 220 mm, 3 Â3 Â3 mm voxel size) recording 40 slices at a thickness of 3.0 mm. Participants were instructed to stay awake with eyes open during the 10-minute resting state scan.
Cortical Thickness Mapping and Atrophy Screening
Cortical thickness of structural MRIs was assessed with the FreeSurfer image analysis suite. 20 After registering the cortical surface into a native vertex-based space, registration errors were manually corrected and the surface was reconstructed in an iterative fashion until all errors were resolved. 20 Cortical thickness was then calculated as the distance between the gray matter/white matter boundary and the pial surface, resulting in thickness estimates at each vertex. Data were smoothed on the surface using a Gaussian smoothing kernel with a full-width half-maximum of 20 mm. Individual cortical thickness maps from each of the 56 consecutive candidate patients were separately contrasted (via general linear model) against the control reference group (n = 35), to select a final sample of patients without significant thinning anywhere in the neocortex according to a FDR threshold of P < 0.05.
Selection of Regions of Interest (ROIs)
Group analyses were implemented to compare structural with functional changes in early-stage PPA, carried out in a priori selected ROIs. ROI analysis allowed for RSFC and cortical thickness to be assessed separately in the language network and in a non-verbal network for comparison, to demonstrate specificity of findings. The default mode network was chosen for this purpose. 7, 11, 21, 22 Language ROIs were centered on 2 areas that have been consistently reported to have asymmetric left lateralized intrahemispheric connectivity: the inferior frontal gyrus (IFG), and middle temporal gyrus (MTG). 8, 18, 23 The IFG is most frequently subject to atrophy in PPA-G, [1] [2] [3] and is consistently implicated in grammatical competency. 24, 25 An IFG ROI was chosen for the current study, centered at pars triangularis in the left hemisphere, which lays at the heart of Broca area. 26 The second language ROI was centered on the posterior aspect of left MTG. This area shares a strong functional connection with IFG, plays a critical role in lexicosemantic processing, and is frequently subject to atrophy in both PPA-L and PPA-S. 2, 8, 17, 18 Two midline ROIs from the default mode network were selected: the posterior cingulate cortex (PCC) and medial prefrontal cortex (PFC), which share one of the strongest functional connections within the default mode network. 21, 22 The PCC ROI was centered on the cingulate isthmus, and the PFC ROI was centered on the inferior aspect of mesial superior frontal gyrus. 21, 22 Procedures for ROI placement differed for cortical thickness versus RSFC analyses, as the former took place in a 2-dimensional vertex-based space, whereas the latter took place in a 3-dimensional voxel-based space. As such details of ROI construction and placement are provided in the relevant following sections.
Cortical Thickness in Language and Default Mode ROIs
During the final Freesurfer reconstruction each participant's native space surface map was automatically parcellated according to the Desikan-Killiany atlas. 27 The IFG ROI was comprised of the pars triangularis label in the Desikan-Killiany atlas. Each of the remaining structural ROIs were composed of subsections of Desikan-Killiany labels, to maximize correspondence between surface-based structural ROIs and voxel-based RSFC ROIs. The MTG ROI was composed of a posterior section of the DesikanKilliany MTG label. A midsection of the isthmus cingulate and an inferior section of the precuneus atlas regions were combined to create the PCC ROI. Likewise, the PFC ROI was comprised of a superior section of the orbitofrontal region, inferior section of the superior frontal region, and a midsection of the rostral anterior cingulate region. The locations of structural ROIs are shown in Figure 1A . Average cortical thickness in each ROI was contrasted between the PPA sample and the nonaphasic reference group of 35 controls.
RSFC in Language and Default Mode ROIs
Functional images were analyzed with SPM8 (www.fil. ion.ucl.ac.uk/spm/). Functional images were corrected for slice timing, realigned, and warped into standard space using transformation parameters from coregistered structural images, which had been warped to the ICBM152 template using the SPM fast diffeomorphic algorithm. The functional images were then smoothed using a 6-mm Gaussian kernel, detrended, and bandpass filtered from 0.01 to 0.08 Hz. Volumes with >1 mm scan-to-scan movement (control mean ± SD = 2.2 ± 3.1, PPA = 1.1 ± 1.4 of 244 total volumes) were interpolated with the surrounding volumes. The 6 affine motion parameters, global signal, white matter signal, and cerebrospinal fluid signal were then regressed out of each time series. The preprocessed time series were then extracted from 10 mm spherical ROIs for RSFC analysis. Specific coordinates (in Montreal Neurological Institute space) were chosen from previous investigations of nonaphasic adults (IFG x/y/z = À54/24/3, MTG = À66/ À38/ À4, PCC = 0/ À53/26, PFC = 0/52/À6). 18, 21, 22 Time series correlations were examined between the 2 language ROIs (IFG-MTG), and between the 2 default mode ROIs (PCC-PFC). Resultant r values were converted into z-values using the Fisher transformation. Z-values were then compared between the PPA group and the control reference group (n = 33) via 2-tailed independent samples t-tests.
RESULTS
Atrophy Screening and Sample Selection
Twelve of the 56 candidate PPA patients failed to show prominent (ie, statistically significant) cortical thinning in any area of the neocortex, when their single-subject cortical thickness maps were separately contrasted against the control reference group at an FDR threshold of P < 0.05. The final study sample was comprised of 10 patients (of the 12 without prominent atrophy) who were all of the PPA-G subtype. The key diagnostic feature, agrammatism, was quantified with a composite measure of noncanonical sentence production based on selected items from the Northwestern Assessment of Verbs and Sentences 28 and the Northwestern Anagram Test 29 (Table 1 ). In the interest of detecting specific brain-language relationships in a homogenous clinical phenotype (PPA-G), the remaining 2 patients without prominent atrophy (both PPA-L subtype) were excluded from analysis. Overall level of aphasia severity was quantified via Aphasia Quotient scores from the WAB. 16 The selected PPA-G sample showed an average Aphasia Quotient of 89.0 ± 5.1, consistent with an early stage of disease when language symptoms are relatively mild.
Demographic and linguistic characteristics of the control and PPA-G groups were compared using independent samples t-tests ( Table 1 ). The control and PPA-G groups did not differ in terms of age or education (P > .05 for each comparison). Lower Aphasia Quotients from the WAB confirmed the presence of language impairment in the PPA-G group (P < 0.001). Consistent with the agrammatic subtype diagnosis, composite grammar scores were lower in the PPA-G group (P < 0.001).
Cortical Thickness in Language and Default Mode ROIs
Cortical thickness was evaluated in the language and default mode ROIs shown in Figure 1A . On average the cortices of the PPA-G group were 2.4% thinner in the IFG ROI, 2.6% thinner in MTG, 2.8% thinner in PCC, and 0.6% thinner in PFC, compared with the control group (Fig. 1B) . These subtle group differences were not significant, according to independent samples t-tests (P > 0.05 for each comparison).
RSFC in the Entire PPA-G Sample
RSFC was examined in voxel-based spherical ROIs, shown in Figure 2A . RSFC between default mode network ROIs was not decreased in the PPA-G group (z(r) = 0.53) compared with controls (z(r) = 0.46) (P > 0.05). RSFC between the language ROIs was lower in the PPA-G group (z(r) = 0.24) compared with the control group (z(r) = 0.35), a 31% drop in correlational strength between groups that nonetheless failed to reach significance (P = 0.14). This suggests that reductions in language connectivity may not be homogenous in the PPA-G group, but rather that RSFC may be reduced in some patients but not others.
RSFC in Patients With Above Versus BelowMedian Grammar Scores
To explore this possibility, a median split on Grammar Composite scores was performed on the PPA-G group. Independent samples t-tests showed that patients performing above (n = 5) and below (n = 5) the median did not differ in terms of age, education, or Aphasia Quotients (P > 0.05 for each comparison, for full details see the eTable in the supplement, Supplemental Digital Content 1, http://links.lww.com/WAD/A159). The 2 subgroups did not differ in cortical thickness (eTable) in either of the 2 language or in either of the 2 default mode ROIs, and neither subgroup differed in cortical thickness compared with controls (P > 0.05 for each comparison). FIGURE 2. Functional connectivity. A, Voxel-based ROIs used to query RSFC in functional magnetic resonance imaging scans. B, Strength of pairwise RSFC coherence between language (IFG-MTG) and default mode (PCC-PFC) ROIs. PPA-G patients were subgrouped into those with above-median and below-median composite grammar scores. *Significantly lower than controls (P < 0.05). IFG indicates inferior frontal gyrus; MTG, middle temporal gyrus; PCC, posterior cingulate cortex; PFC, prefrontal cortex; PPA, primary progressive aphasia; PPA-G, nonfluent/agrammatic variant of PPA; ROI, regions of interest; RSFC, resting state functional connectivity.
As shown in Figure 2B , language connectivity z(r) values (IFG-MTG) in the above-median subgroup (z(r) = 0.33) were close to control values (z(r) = 0.35) (P > 0.05), but were lower in the below-median subgroup (z(r) = 0.14) (P < 0.05). Thus, whereas z(r) values were only reduced by 6% in the above-median subgroup they were reduced by 60% in the below-median subgroup (relative to controls). In contrast, default mode network connectivity was not reduced in the above-median (z(r) = 0.57) or below-median (z(r) = 0.49) subgroups relative to controls (z(r) = 0.46) (P > 0.05 for each comparison).
DISCUSSION
RSFC was examined in 10 PPA-G patients at an early stage of disease when atrophy was not yet prominent; any subtle morphometric changes that may have been present in this sample were nonsignificant when using the sensitive morphometric technique of cortical thickness analysis. Within this set of patients, functional connectivity between language network regions (IFG and MTG) was reduced but only among patients with more pronounced agrammatism. In contrast the patients showed spared connectivity between default mode network regions (PCC and PFC), demonstrating specificity of findings.
Although the current results were based on limited sample sizes, they provide proof of concept that, at least in some cases of PPA-G, changes in language functioning and RSFC may be detectable before changes in morphology at early stages of the disease. Among patients with more pronounced agrammatism (below-median grammar scores), cortical thickness was reduced by 4.3% in the IFG region (not statistically significant), and was not detectably reduced in the MTG region, relative to controls. In contrast, connectivity values between IFG and MTG were reduced by 60% in that group. A sequence where physiological perturbations precede neural death is tenable, as the pathologic burden of frontotemporal lobar degeneration and Alzheimer disease (the 2 major pathologies underlying PPA) lead to dysfunctional metabolism and synaptology in neurons before their destruction. 30 The current results add to a growing literature documenting prominence of physiological abnormalities in the early stages of neurodegenerative disease. Regional brain physiology is most commonly assessed with positron emission tomography (PET), evaluating basal levels of metabolism via radioisotope uptake. Studies of early-stage PPA without prominent atrophy have shown hypometabolism in the language network according to PET 5 and single-photon tomography. 4 Among individuals with PPA who have already manifested regional atrophy, hypometabolism is often more extensive, affecting additional areas that are not yet manifestly atrophic. 4, 31, 32 Although RSFC, like PET, is an index of physiological integrity, it reveals dynamic aspects of network functionality that are qualitatively distinct from basal metabolism. The relationship between these measures is not always direct; for example, in Alzheimer disease hippocampal connectivity has been found to be inversely related to hippocampal metabolism. 33 In addition to the current results in PPA-G, RSFC abnormalities have been found in other clinical populations before the development of significant atrophy. Cognitively normal older adults with amyloid-positive imaging markers have shown RSFC changes in the default mode network compared with amyloid-negative individuals, with no morphometric evidence of atrophy. 22 Likewise, carriers of the Huntington mutation (CAG repeat expansions) show RSFC changes in dorsal brain networks before observable atrophy. 34 These results demonstrate that RSFC provides unique information about the early anatomy and pathophysiology of language impairment, and can be used in conjunction with structural MRI for a more complete clinicoanatomic assessment. There are implications for brain-language mapping studies, in which the standard approach is to assign loss of function (eg, language impairments) to areas of peak atrophy. Although atrophy undoubtedly contributes to language impairment, the current results suggest that in early disease stages connectivity changes may be of greater magnitude than morphologic changes. Therefore, it may be valuable to examine RSFC in addition to atrophy patterns in studies of PPA.
There has been growing interest in applying therapeutic interventions during the preclinical or early clinical stages of neurodegenerative disease, before large-scale destruction of brain tissue. 35 An emphasis on early intervention means that patients in these studies will be less likely to show atrophy in MRI, so RSFC may be of particular utility in early therapeutic designs. RSFC can be measured in discrete brain regions, and thus could potentially be used to identify anatomic targets for intervention (using techniques such as trans or intracranial stimulation) or as an outcome measure of therapeutic efficacy.
Limitations
RSFC abnormalities were only evident in patients with more advanced agrammatism. It is possible that our failure to detect such abnormalities in patients with milder agrammatism is based on the low sample sizes included in the current study. Future studies with larger patient samples would help to address this possibility. It is also entirely possible that language disturbances in the above-median subgroup are based on dysfunctional synaptology occurring at temporal and/or spatial scales not captured by the RSFC method. Neural ensembles communicate electrochemically across a range of high frequencies beyond the relatively slow temporal resolution of fMRI. 36, 37 The spatial resolution of fMRI is similarly constrained; the hemodynamic signal from a typical fMRI voxel corresponds with a population of B5.5 million neurons. 38 Given these limitations, the RSFC method may fail to detect the subtle changes in synaptology underlying language impairments in the very earliest (or initial) stages of PPA. Diffusion tensor imaging may help reveal whether white matter pathways are affected to a greater degree than cortical thickness in such patients.
This study focused on language, RSFC, and morphology in the agrammatic subtype of PPA. Future studies may help to determine whether the sequence and timing of these disease markers of PPA are modulated by the nature of the underlying pathology (frontotemporal lobar degeneration due to tauopathy or TDP-43 proteinopathy, versus Alzheimer-type pathology 13 ) or by language phenotype (agrammatic, logopenic, or semantic subtypes).
The current results show that RSFC provides additional information when cortical thinning is minimal, so clinicians may be tempted to use RSFC to characterize individual patients in clinical settings. Unlike PET, however, it remains to be demonstrated whether RSFC patterns are interpretable and clinically meaningful at the individual subject level.
